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The space shuttle Aft Propulsion System (APS) pod requires precision alignment to 
be installed onto the orbiter deck. The Ground Support Equipment (GSE) used to 
perform this task cannot be manipulated along a single Cartesian axis without causing 
motion along the other Cartesian axes. As a result, manipulations required to achieve a 
desired motion are not intuitive. My study calculated the joint angles required to align 
the APS pod, using reverse kinematic analysis techniques. Knowledge of these joint 
angles will allow the ground support team to align the APS pod more safely and 
efficiently. An uncertainty analysis was also performed to estimate the accuracy 
associated with this approach and to determine whether any inexpensive modifications 
can be made to further improve accuracy. 



CHAPTER 1 
BACKGROUND 

Introduction 

The Kennedy Space Center (KSC) is NASA’s operations center for the space 
shuttle. This role includes mission configuration and deconfiguration, vehicle 
modifications, repair, and routine maintenance (essentially everything that happens to a 
space shuttle orbiter, from landing through launch). The installation of an Aft Propulsion 
System (APS) pod onto an orbiter is one example of a KSC operation. 

My study aimed to improve the APS pod installation operation by calculating the 
joint offsets required to align the APS pod with the orbiter deck. These calculations can 
be performed before the operation begins, which will reduce the operational time spent 
performing the alignment. APS pod installation is classified as a hazardous operation, 
which makes reducing the operational time particularly desirable. Throughout the 
operation, the potential exists for a hypergol leak to develop, which could be lethal to 
nearby personnel. 

The Ground Support Equipment (GSE) used to perform an APS pod installation 
consists of a lifting fixture, two adjustment mechanisms, and rotator bar. There are a 
total of 13 joints that change position during the operation. My analysis showed that they 
can be considered as three separate manipulators connected by a large structure. After 
the desired position of the large structure has been ascertained, the end effector position 
and orientation of each manipulator is found. A reverse kinematic analysis is then 
performed for each manipulator, to determine joint angles. 
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An uncertainty analysis was then conducted. Both 100% covariance and root sum 
squared methods were used to quantify alignment accuracy. This analysis was used to 
determine whether the solution method described above is accurate enough to aid APS 
pod-installation operations; and to determine which of the error sources can be eliminated 
for significant improvements in accuracy. 

Hardware Familiarization 

Each space shuttle orbiter has two APS pods, one on each side of the vertical tail. 
Each APS pod houses the Orbital Maneuvering System (OMS) and the aft Reaction 
Control System (RCS). OMS is the propulsion system that provides thrust for orbital 
insertion, orbit circularization, orbit transfer, rendezvous, and deorbit [1], The RCS 
propulsion system is used as the primary flight control at altitudes greater than 70,000 
feet [1], An APS pod is shown in Figure 1-1 . 

The APS pods were not designed to be maintenanced while installed on an orbiter. 
As a result, APS pods must be removed for inspections and repairs, generally after every 
three or four flights. On completion of these tasks, the APS pod is installed onto the 
orbiter. 

The APS pod is attached to the orbiter deck at 12 locations (called attach points). 
During the installation operation, all efforts are focused on aligning attach points 1, 2, 
and 3. If those three attach points are aligned, then attach bolts can be installed at all 
twelve attach-point locations. Attach Point 1 is the forward inboard attach point, Attach 
Point 2 is the forward outboard attach point, and Attach Point 3 is the aft outboard attach 
point (Figure 1-2). 

The APS pod Attach Point 3 fitting must be aligned within 0.0033” (+/- 0.0018” 
depending on tolerances) of the orbiter bushing or else the attach bolt cannot be installed. 



The APS pod Attach Point 2 bushing resides in a slotted hole, which prevents pod-to-pod 
variation and other factors from making an APS pod “not fit” onto an orbiter. The APS 
pod Attach Point 2 fitting must be aligned within 0.0063” +/- 0.0048” in the non slotted 
direction. Since attach points 2 and 3 are 12’ 3.3” apart, this accuracy requirement is 
equivalent to positioning Attach Point 3 within 0.0033” on the orbiter deck and then 
orienting the APS pod to within 0.0025° of the desired position. The orbiter Attach Point 
1 bushing can accommodate misalignments of up to 0.223 1 ” along the orbiter deck plane. 

The alignment process is made significantly more challenging by the presence of a 
bulb seal on the bottom surface of the APS pod. The bulb seal is basically a hollow 
flexible tube that forms an environmental seal when compressed against the orbiter deck. 
When the bulb seal is compressed, the APS pod cannot be moved along the orbiter deck 
plane without risking damage to the bulb seal (the bulb seal is more likely to tear than 
slide along the deck). As a result, if the APS pod is lowered onto the orbiter deck and 
discovered, to be misaligned, then it cannot simply be adjusted until it is aligned. Instead, 
it must be raised off the deck (until the bulb seal is no longer compressed) before it can 
be adjusted and then lowered onto the orbiter deck. The ground support equipment used 
to install APS pods is a lifting fixture, forward adjustment mechanism, aft adjustment 
mechanism, and rotator bar (Figure 1-3). 

The lifting fixture is a large structure that connects to the APS pod at APS pod 
Attach Point 1, 2, 3, and 4 fittings. The lifting fixture can be adjusted at attach points 1, 

2, 3 and 4 to accommodate pod-to-pod dimensional variation. As a result of this 
adjustment capability, not every APS pod will have the exact same position and 
orientation relative to the lifting fixture. 
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The forward and aft adjustment mechanisms structurally support the lifting fixture 
and allow its position to be adjusted. Forward and aft adjustment mechanisms are nearly 
identical. Temporary supports are mounted to the orbiter and the adjustment mechanisms 
each form a spherical joint with a support. Adjustment mechanisms have three 
orthogonal prismatic joints that allow motion in the forward/aft, uphill/downhill, and off- 
the-deck/on-the-deck directions. The lifting fixture is connected to the adjustment 
mechanisms by the forward/aft prismatic joint. Figure 1-4 shows adjustment mechanism 
prismatic joint axis directions. 

The center of gravity of the lifting fixture and APS pod is not directly above the 
spherical joints for the duration of APS pod installation. As a result, the rotator bar is 
used to control the rotation of the lifting fixture about the two adjustment mechanism 
spherical joints (the two spherical joints essentially form a hinge). One end of the rotator 
bar is rigidly attached to the lifting fixture and the other end is mounted to a large 
stationary beam. Re volute joints are used to ensure the rotator bar does not restrict the 
lifting fixture motion. Figure 1-5 shows the rotator bar’s revolute joint axes. It should be 
noted that none of the revolute and spherical joints can be actuated. Their role in the 
alignment process is purely passive. 

Installation Procedure and Methodology 
The APS pod installation operation begins with the APS pod in the Orbiter 
Processing Facility (OPF) transfer aisle. The lifting fixture, forward adjustment 
mechanism, and aft adjustment mechanism assembly have already been attached to the 
APS pod. A bridge crane lifts the APS pod and GSE to a location near the orbiter (Figure 
1-6). Adjustment mechanism prismatic joints have been adjusted to provide maximum 
clearance to the orbiter as the spherical joints are connected. The crane transfers the 



weight of the APS pod, lifting fixture, and adjustment mechanisms to the spherical joints. 
The rotator bar is then extended until it can be connected to the lifting fixture and the 
alignment portion of this operation begins. 

According to the APS pod operations and maintenance manual, the rotator bar is 
extended until the APS pod mating surface is approximately 2.5” above the orbiter deck 
and the surfaces are parallel. The lifting fixture is moved forward or aft to the “install 
position” (a marking on the lifting fixture structure). Additional adjustments are made to 
align attach points 2 and 3. The APS pod is then lowered to 1/8” above the orbiter deck 
with mating surfaces parallel. The bulb seal is now contacting the orbiter deck but it is 
not compressed. Adjustments are made again to align attach points 2 and 3. Once 
aligned, the APS pod is lowered onto the orbiter deck and observers check to make sure 
the inboard side of the APS pod is also seated. If the APS pod is misaligned, it must be 
raised off the deck 1/8” or more, adjusted as required, and lowered back onto the deck. 
Attach point bolts are installed upon successful completion of the APS pod alignment 
procedure [2], 

APS pod alignment is not accomplished as easily as the operations and 
maintenance manual describes. It is not possible to adjust the position of one attach point 
without affecting the position of the other attach points. This is particularly evident when 
either Attach Point 2 or 3 has been aligned — adjustments intended to align one attach 
point usually misalign the other. The person who determines the next manipulation and 
commands that it be executed is known as the move director. Different move directors 
have differing philosophies about whether Attach Point 2 or Attach Point 3 should be 
aligned first. 
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Move directors also use different techniques to align an APS pod. One technique is 
to align the APS pod 1/8” above the orbiter deck, then simultaneously retract the rotator 
bar and actuate both adjustment mechanisms in the on-the-deck direction. Another 
technique is to slightly misalign the APS pod, then allow the rotator bar to correct the 
misalignment as both adjustment mechanisms are simultaneously adjusted in on-the-deck 
direction. It should be noted that simultaneous motion is accomplished by manual 
start/stop and velocity control. 

Additionally, not all equipment operates as designed. Field experience has shown 
that the forward/aft install position does not necessarily align the APS pod. The aft 
adjustment mechanism’s forward/aft prismatic joint was not designed with an actuator - 
it was designed to “follow” the motion of the forward adjustment mechanism. However, 
it binds rather than follows so a hydraulic jack is used to force it to follow. 
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Figure 1-2. The twelve APS pod attach point locations, left pod shown (right pod mirror) 
[ 2 ]. 
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Figure 1-3. GSE used to install an APS pod. 



Figure 1-4. Forward and aft adjustment mechanisms allow motion in forward/aft, 
uphill/downhill, and off-the-deck/on-the-deck directions [3], 
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Figure 1-5. Rotator bar joint axes. 



Figure 1-6. A left APS pod is transported by crane to Atlantis for installation [3]. 



CHAPTER 2 

PROPOSED ALIGNMENT METHOD 
Overview 

The geometry of all relevant hardware and the desired position and orientation of 
the APS pod is known. As a result, a reverse kinematic analysis was conducted to 
determine sets of joint angles that would align the APS pod with the orbiter. 

Due to the large number of joints associated with this hardware, the rotator bar and 
adjustment mechanisms were treated as three independent robots connected by a large 
rigid structure. Since the large structure (lifting fixture) has adjustment capability to 
attach to the APS pod, it is assumed that these adjustments will be measured before the 
operation begins and is incorporated into the analysis. 

The lifting fixture CAD model (Figure 1-3) shows it in the position required to 
align the APS pod. As discussed previously, the displayed alignment position does not 
necessarily align the APS pod with the orbiter. The coordinates given in the CAD model 
were used as a starting point in this analysis. They were used to determine the position 
and orientation of the three robot end effectors. End effector position and orientation, 
partnered with known geometry, was used to perform reverse kinematic analyses. The 
output of these analyses was the joint angles required to align the APS pod. Figure 2-1 
shows the process used to determine the manipulator joint offsets. 

Determination of Desired Joint Angles 

An existing Pro/E model of the lifting fixture, rotator bar, and adjustment 
mechanisms was refined for this analysis. The location of each end effector and APS pod 
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attach point, in orbiter coordinates, was ascertained from the model and input into a C 
program. The C program translated and rotated the input points until the APS pod attach 
points were aligned with orbiter attach points. The resulting end effector points were 
used in reverse kinematic analyses to calculate joint angles. These joint angles can be 
described as the joint angles required to align the APS pod with the orbiter attach points. 
The orbiter coordinate system and APS pod coordinate systems are discussed in detail in 
Appendix A. 

Alignment of APS Pod Attach Points with Orbiter Attach Points 

The initial position and orientation of the lifting fixture in the CAD model is 
arbitrary. The lifting fixture’s adjustments at attach points 1, 2, 3 and 4 have been 
physically measured and incorporated into the CAD model. The CAD model also 
contains seven points on the lifting fixture needed to describe end effector positions and 
orientations. Attach points 1, 2, and 3 are located in the CAD model of the left APS pod 
and their desired locations on the orbiter are also included in the model. Adjustment 
mechanism points can be seen in Figure 2-2. 

Attach Point 3 has the most stringent accuracy requirements so it is aligned first. 
The alignment algorithm begins by calculating the misalignment of APS pod Attach 

Point 3, P ™ chp , 3 , relative to orbiter Attach Point 3, 

~p * pOrbiler _ pPod 

The APS pod and lifting fixture can be translated such that APS pod Attach Point 3 
is aligned by adding P TransIale to all points located on either object 
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pPod _ pPoct p 

1 AttachPtX 1 AttachPl\ ~ 1 Translate 

pPod _ pPod ~p ' 

r AuachPt2 r AttachPt2 ' r Translate 

pPod _ pPod p ' 

^ A ttachPt Z r AttachPtZ Translate 


pLiftingFixture 

FwdAdjMechOrig 


r wa/i ujmecn\jrig r wa/i aj Mecnung ira i 

pLiftingFixture pLiftingFixture , ~p * 

FwdAdjMechX FwdAdjMechX Translate 

pLiftingFixture _ pLiftingFixture , ~p * 

r FwdAdjMechZ ~ . FwdAdjMechZ ' * Translate 


pLiftingFixture pLiftingFixture . p 

Aft A dj M ech Orig AftAdjMechOrig Translate 

pLiftingFixture pLiftingFixture , ~p * 

r AftAdjMechX ~ r AftAdjMechX Translate 


(2-2) 


Attach Point 2 has the next most stringent accuracy requirements and therefore is 
aligned second. The unit vectors from pod Attach Point 3 to pod Attach Point 2 and pod 
Attach Point 3 to orbiter Attach Point 2 are described as 


pPod _ pt 
^Attach Pi 2 AttachPtZ 


iPod 


32 Pod 


pPod _ p 
1 AtiachPtl 1 AttachPtZ 


■iPod 


iOrhiter 


-P: 


Pod 


y _ 1 AttachPtZ J AttachPtZ 

V Z2 Orb 


pOrbiter __ pPod 
A ttachPt 2 * A ttachPt 3 


(2:3) 


The unit vector m\ perpendicular to both V 32 Pod and V 32 0rb can be calculated as 


m i 


V xV 

[32 _Pod 2 32 _Orb 

V xV 

k 32 _Pod A r 32. Orb 


(2.4) 


and the angle 02 between V 32 Pod and V n 0rb is the unique solution to Equations 2.5 and 

2 . 6 . 


&2 — COS if^2_Pod ° ^32 _Orb] 


(2.5) 
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d 2 = sin ! 


V x V 

Y 32 Pod ^ Y 32 Orb 


( 2 . 6 ) 


Pod Attach Point 2 will become aligned - and pod Attach Point 3 will remain 
aligned - if lifting fixture and APS pod points are rotated by angle 02 about an axis 

containing vector mi and passing through pod Attach Point 3 . This transformation 


matrix is then calculated. [4] 


Ti = 


m \x m \x°\ + C0S ^2 
m \x m \ v°\ + m \2 Sin ^2 

m u f W~m ly sm0 2 

0 


m ix m i y o l -m l2 smd 2 

m \y m \y°\ + C0S #2 
m \y m \z°\ +m ix S ' n $2 
0 


m lx m l2 o ] +m ly sin ^ 
m x y m Xz o,-m Xx smd 2 

m \z m \z V \ + C0s ^2 

0 

pPod 

r AttachPt3,X 

pPod 

r AttachPll,Y 

pPod 

r AttachPt3,Z 

1 


C>, S 1 - cos 0 2 


(2.7) 


This rotation is then performed on all APS pod and lifting fixture points. 
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pPod 

r AttachPt\ 


1 


pPod 
r AttachPtl 

= 

1 


pPod 
r AttachPtl 


1 


pLiftingFixture 
r RotatorBar 

■ 

J 

pLiftingFixture 
1 FwdAdjMechOrig 

L i 


p L iftingFixture 
r FwdAdjMechX 

1 

J 

p L iftingFixture 
FwdA djMechZ 

1 

J_ 

pLiftingFixture 
A ftAdjMechOrig 

1 

- 

pLiftingFixture 
^AftAdjMechX . 

1 

J 

_ 



pPoa _ pt 
r AttachPtl r AttachPtl 


-yPod 


-P: 


Pod 


pPod 

AttachPtl 1 AttachPtl 

1 


pPod _ pt 
r AttachPtl * AttachPtl 


j Pod 


= Z 


pLiftingFixture __ pPod 
^ Rotator Bar ^ A ttachPt 1 


= Z 


pLiftingFixture p/W 

FwdAdjMechOrig AttachPtl 


pLiftingFixture 

AftAdjMechZ 


= Z 


= T X 


= Z 


pLiftingFixture _ pPod 
r FwdAdjMechX *A ttachPt 1 


pLiftingFixture pPod 

FwdAdjMechZ . AttachPtl 


pLiftingFixture p/W 
AftAdjMechOrig A ttachPt 3 


1 


= Z 


= Z 


pLiftingFixture pPod 

r AftAdjMechX r AttachPtl 


pLiftingFixture pPod 

Aft A djMechZ xl ttachPt 1 

1 


( 2 . 8 ) 


Another rotation must be performed to align pod Attach Point 1 . The axis of 
rotation must pass through pod Attach Point 2 and pod Attach Point 3 so that these points 
do not become misaligned. The Pliicker coordinates of this line are 

{■S 2 , Soli) = {V 32 _Orb^AuachPtl X ^32_Orb) (2.9) 

and the parallel line passing through pod Attach Point 1 is given as 


{‘S'i > Sou } - {V 32 0rb ; P AuachPn x V 32 Qrb } 


( 2 . 10 ) 
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Vectors p x and p 2 are perpendicular to each line and originate at the orbiter coordinate 
system origin. 


P\ — S] X S()L\ 
Pi = $2 X ^OLl 


( 2 . 11 ) 


When aligned, pod Attach Point 1 will reside on the y pO d = 100 plane. The y pot i coordinate 
of pod Attach Point 1 can be calculated using part of the T transformation matrix: 


y pod 


-0.0526981625 

-0.7183402679 

0.6936931332 

-194.96530381 


pPod 

r AttachPt\ 


( 2 . 12 ) 


The required angle of rotation 0] can now be calculated. 


6 X =sin 1 


f 



y P od- 100 

l 

Pi~P\ 

J 


V 

{PT=PT 

h 

(7, 


1] 

V 

Pi~ 

P\ 

j 


(2.13) 


(2.14) 


The transformation matrix equation can be used again to calculate transfomiation 
matrix T 2 . [4] 


t 2 = 


^32_Pod,x^32_Poc/,x U 2 + C0S 
^32_Pod,x^32_Pod iy U 2 + ^32 _Pod,z S ^ n ^1 
^32 _ Pod ,x^32_ Pod, z U 2 ~ ^32 _Pod,y S ^ n ^1 


V V n 

Y 32 _ Pod,x v 32 _ Pod ,y u 2 


'^32 Pod,z sin 


^32_Pod,y^32_Pod y y°2 + C0S ^1 
^ r 22_Pod,y^32_Pod,z U 2 + ^32_ Pod, x S ^ n @\ 


0 


^32 _ Pod,x ^32 _ Pod,z “ 2 


^2+^3 


yPod 


32 _Pod,y S ^ n ^1 J AttachPt3,x 
pPod 


^22_Pod,y^32_Pod,z U 2 ^32^Pod,x S ^ n ^1 

^32 _Pod, ¥ 32 _Pod,z°2 + C0S 


AttachPt3,y 

pPod 

r AttachPt3,z 

1 


(2.15) 
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where u 2 si -cos (9, 


Transformation matrix T 2 is then used to perform the rotation of all points about 


the line passing through pod Attach Point 2 and pod Attach Point 3. 


pPod 
r Attack? t\ 

1 


pPod 
^ Attach? tl 

1 


= T 
1 2 

= T 

1 2 


pPod pPod 

A ttachPt 1 A ttachPt 3 

1 


pPod pPod 

A ttachPt 2 AttachPt 3 

1 


pPod 
*A ttachPt 3 


= L 


pPod pPod 

A ttachPt 3 A ttachPt 3 


pLiftingFixture 
^ RotatorBar 




pLiftingFixture __ pPod 
RotatorBar A ttachPt 3 


pLiftingFixture 
. FwdA djMechOrig 


= L 


5 Pod 


pLiftingFixture pt 

FwdA djMech Orig ^ A ttachPt 3 


pLiftingFixture 

r FwdAdjMechX 

= T 2 

pLiftingFixture pPod 

. FwdAdjMechX A ttachPt 3 


1 


1 


pLiftingFixture 

r FwdAdjMechZ 

= T 2 

pLiftingFixture pPod 

FwdAdjMechZ A ttachPt 3 


" 1 


1 


pLiftingFixture 
* Aft. A djMechOrig 

=t 2 

pLiftingFixture pPod 

AftAdjMechOrig A ttachPt 3 

1 


V 1 

J 

p LiftingFixture 
r AftAdjMechX 

— T 2 

pLiftingFixture pPod 

ft A djMechX A ttachPt 3 


1 


1 . 


pLiftingFixture 
^ AftAdjMechZ 

— T 2 

pLiftingFixture p Pod 

r Aft. A djMechZ ~ A UachPt 3 


1 


1 



(2.16) 


APS pod attach points 1, 2, and 3 have been aligned. A reverse kinematic analysis 
will now be conducted to determine the adjustment mechanism joint angles with the APS 
pod aligned. 
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Adjustment Mechanism Reverse Kinematic Analysis 
Adjustment mechanism parameters 

Joint axis vectors Sj and link vectors a :j must be chosen for the adjustment 

mechanisms. These selections are shown in Figure 2-3. It should be noted that the 
spherical joints are treated as “three noncoplanar cointersecting revolute joints”. [4] 

Joint angle 9j is defined as the angle from a y to a jk about the vector 5 . . Similarly, 
twist angle ay is defined as the angle from S, to Sj about the vector a y . 


Sj sin Oj - a y x a jk 
^ J sma iJ =~S i x'S j 


(2.17) 


Joint offset S) is the distance from a y to a jk along S\ . Link length a y is the distance 


from S t to Sj along a y . The first joint angle, cpi, describes the angle from fixed 


coordinate system X- axis and vector a n . 

s i sm <j) x = X Fhed x ^ (2.18) 

Adjustment mechanism joint angles, twist angles, joint offsets, and link lengths are 
defined in Table 2-1. The constant parameters are exactly the same for both forward and 
aft adjustment mechanisms. Parameters marked as ‘variable’ are not necessarily the 
same for both adjustment mechanisms because adjustment mechanism end effector 
positions are not identical. Close-the-loop variables are created by the hypothetical 
closure link. [4] 367 and are user-specified values (rather than a function of 
manipulator geometry) since the seventh joint is hypothetical. 
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Close-the-Ioop variable calculations 

Close-the-loop variables can be calculated using the constant mechanism 

parameters listed in Table 2-1. Fmxl S ] is defined as [0 0 l] r since the vector S’, is 

exactly aligned with the fixed coordinate system Z- axis. Faed S n is given by the 
expression 


Fixed o Fixed 


t s 1 


a 61 * Fixed S 6 


(2.19) 


Unit vectors Flxed a 61 and Faed S 6 are the X- axis and Z- axis of the adjustment mechanism 
6 th coordinate system, respectively. They can be calculated as 


Fixed pLiftingFixture pLiftingFixture 

67 FwdA djMechX AdjMechOrig 


Fixed ri pLiftingFixture pLiftingFixture 

6 FwdAdjMechZ AdjMechOrig 


( 2 . 20 ) 


These definitions allow the unit vector Flxed all to be determined from 


Fixed n 
a 71 


Fixed 


S 7 x Fbced S, 


Fixed 


S 7 x Fixed S_, 


( 2 . 21 ) 


The close-the-loop variables can now be calculated. A unique value for the twist 
angle 0171 between vectors S 7 and Sj is given by 


cos(« 71 ) = Fbced S 7 * Fixed S \ 

sin(a 7I ) = ( w 5) x Fixed ) * Fixed ^ 

Similarly, the joint angle 67 can be found 

• cos(0 7 ) = Fixed ^ 

sin(<9 7 ) = ( Faed ^ x FLXed ^ ) * FUed S, 


( 2 . 22 ) 


(2.23) 



19 



pLiftingFixture Fixed o 
A djMechOrig ^ 7 

sin(a 71 ) 


_ Fixed 

• a-, 


(2-27) 


The close-the-loop variables a n , 0 7 , y u S 7 , a 7) , and Si will be used in the reverse 
kinematic analysis of this PPPS mechanism. 


Reverse kinematic analysis of a PPPS mechanism 

As previously stated, the adjustment mechanisms are RPPPS spatial mechanisms 
but will be analyzed as an equivalent RPPPRRR mechanism. They are categorized as 
group 1 mechanisms since the spatial mechanisms and equivalent spherical mechanisms 
have a single degree-of-freedom. Spherical equations generally contain a high number of 
terms. However, these terms exist in patterns that allow a shorthand notation to describe 
the equation more concisely. Notation variables are defined in Appendix B. 9i is the 



first unknown joint angle that will be calculated. The fundamental spherical heptagon 
equation 


^45671 “ C 23 


can be expanded to 

^12 {^4S61 S \ ^4567^1 ) + C \ 2^4567 = C 22 

X AS61 and Y A561 are defined by notation variables X 456 and Y 456 


(2.28) 


(2.29) 


^4567 = ^ 456 C 7 ~~ ^ 456 S 1 

^4567 = C 71 (^ 456^7 ^ 456^7 ) ” S 7 1^456 ( 2 . 30 ) 

^4567 = ^71 (^ 456^7 + ^ 456 C 7 ) C 1 1^456 

0 7 and a 7 i are close-the-loop variables that have already been calculated, so X 456 , Y A56 , 
and Z 456 are the only unknown terms that must be calculated. They can be defined as 


X456 ~~ X45 c 6 Y A 5 s 6 

^456 ” C ei (^45^6 ^45^6 ) ~~ ^67^45 (2.31) 

^456 “ S 61 (^45^6 + ^45- C 6-) + C 67^45 

. ^ 

06 is a constant mechanism parameter and (X 67 is a user-specified value, so both are known 
quantities. X 45 , Y 45 , and Z 45 must now be defined. 


X 45 — X 4 c 5 Y 4 s 5 

^45 = C 56 (^4^5 + V 4 C 5 ) ■ y 56^4 (2.32) 

Z 45=*56(^5+ 7 4 C 5) + C 56 Z 4 


05 and 056 are constant mechanism parameters. X 4 , Y 4 , and Z 4 are defined as 
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64, oi34 and 045 are constant mechanism parameters so X 4 , Y 4 , and Z 4 can be calculated. 
Using substitution, X 4561 and Y 4567 can now be calculated. This results in an equation of 


the form Ac t + Bs, +D = 0 . Using the trigonometric solution method [4], 0i can be 


calculated 


0, = cos 


C 23 C 12^4567 


-^(s, 2 Y 4567 ) + (s l2 X 4567 ) 


\ + Y 


where y is the unique solution of 


-i 


y = sm 


y = cos 


S I2^456 7 




S 12^4S67 


V( S 12 Y 456 7 ) 2 +(S 12 X 4567 ) 2 


(2.34) 


(2.35) 


It should be noted that 0i has two solutions, designated as 0 ]A and 0 IB . Other joint 
angles. are a function of 0], so it is necessary to solve each joint angle using 0 )A and.Oie. 
There are two sets of joint angles, solution set A and solution set B, that satisfy the input 
end effector position and orientation for the specified manipulator geometry. 

Unknown joint angle 02 can now be calculated using 0] A and 0| B . The fundamental 
spherical heptagon equations 


^ 45671 ~ S 2l S 2 
^45671 = S 22 C 2 


(2.36) 


will be used. Since X 4561 , Y 4567 , and Z 4567 were determined in the 0i derivation, X 45671 


and 7 45671 can be calculated immediately using 0 ]A and 0jb- 
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"^45671 — A 4567 C I I AS61 S l 

^45671 S C 12 (^4567 5 1 + ^4567 C 1 ) " S )2^4567 


(2.37) 


02 is the unique solution to equation 2.38 for the solution set containing 0i A and the set 
containing 0 ib- 


d 2 = sin 


0 2 = cos 


X. 


45671 


V ‘ S '23 J 


‘45671 


(2.38) 


V ^23 J 


The reverse kinematic analysis continues with the calculation of unknown joint 
angle 03 . The fundamental spherical heptagon equations 


^56712 — ^34^3 
^56712 ~ J 34 C 3 


(2.39) 


can be used because 0 JA , 0ib, 02 a and 0 2 b have been calculated. X 56712 and T 56712 are 
defined as 


-^56712 — ^-5671 C 2 ^5671^2 

^56712 = C 23 ('^5671 ,y 2 + ^5671 C 2 ) " S 23^567l 


(2.40) 


Similar to the solution for 0i, the solution for 03 proceeds by solving for the 


notation variables that comprise X 561U and Y S61l2 . 


r 
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^5671 = ^567 C 1 ^567^1 

^5671 = C 12 (^567 S l + ^561 C \ ) ~ S 12^561 

^5671 S S M ("^ 567*^1 + ^567 C 1 ) + C 12^567 

^567 “ ^5 6 C 6 ” Y 56 S 6 

^567 S C 7\ {^56 S 7 + ^56 C 7 ) “ ^71^56 
^567 “ *^71 (^56^7 + ^56 C 7 ) + C 71^5 6 

^56 = ^5 C 6 “^5^6 

^56 = C 67 (^5^6 + ^5 C 6 ) “ S 67^5 

^56 S S 67 {^5 S 6 + ^5 C 6 ) + C 67^ J 5 


-^5 “ S A5 S 5 


Y 5 — (s 56 c 45 + c 56 s 45 c 5 ) 

Z 5 S C 56 C 45 “ S 56 S 45 C 5 


(2.41) 


A unique solution for joint angle 0 3 can now be calculated for solution set A and solution 
set B using their associated joint angles. 


#3 = sin 1 


# 3 = cos 


( X ^ 

L ^ 567-1-2- 


V *34 J 


L 56712 


(2.42) 


V *34 J 

Joint offset S 4 will be calculated using the vector loop equation. The vector loop 
equation is given by 


-h ^32 ^12 *^2 ^23 ^23 *“b *^3 ^34 ^34 *^4 ^4 ^ 45 ^45 

"*"^5 ^5 + ^56 a 56 + $ 6^6+ a 67 a 67 + £7 £7 + a i} d 7l = 0 

Since several of these offsets are zero, the vector loop equation can be reduced to 


(2.43) 


iSj S l + <? 34 a 34 + S 4 S 4 + a 67 a 61 + S 7 S 7 -f a 7l a 7X 0 


(2.44) 
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Using spatial heptagon direction cosines set 5, the vector loop equation [4] 
becomes 


^1^76 + a 34^45 + $4*5 + ^ 67 C 6 + S y X & + - 0 (2-45) 

Several notation terms in Equation 2.45 must be calculated 

^76 = ^ 7 C 6 _ Yj S 6 
^45 = C 5 C 4 ~ S 5 S 4 C 45 
^76 =C 6 C 7 ~ S 6 S 1 C 61 

TT = (2-46) 

X(, ~ S 61 S 6 

X 1 = s 7 ] s 7 

Y-j =— {s 61 c 1] + c 67 s 7 X c 7 ) 


Unknown joint offset S4 can now be calculated by solving Equation 2.45 for S4. 


o _ S { X 16 a lA W 4i ci 61 c 6 S 7 X 6 a- n W 16 

s ‘ Y. 


(2.47) 


Joint offset S6 is calculated by substituting spatial heptagon direction cosines set 4 
into the vector loop equation. Equation 2.44 then reduces to 

^1^765 +a 34 C 4 +^6^5 + a 67^65 + ^7^65 +<3 71^765 - 0 (2.48) 


Equation 2.48 can be further reduced by noting that C4=0. 

S } X 765 +S 6 T 5 + a 67 W 65 +S 7 X 65 +a 7l tV 165 = 0 (2.49) 

The unknown notation variables can be calculated from 
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v = y r — V c 

^765 — ^ 76^5 **■ 76^5 

^76 S C 56 (^7^6 + ^7 C 6 ) “ S 56 ^7 

^7 “ C 67 C 71 - ^7I C 7 

X 5 = ***5 
x 65 = X 6 c 5 — Y 6 s 5 

-^6 = ~~{ S 56 C 61 “** C 56 S 61 C e) 

^65 “ C 5 C 6 ~ S 5 S 6 C 56 

^765 = ^5 iPl6 S S6 + ^76 C 56 ) + C 5^76 
U 16 = *^7 ^ 

V 76 = -(s 6 c 7 + c 6 s 7 c 67 ) 


Solving Equation 2.49 for S6 yields 

_ - Sl X 765 ~a 67 JV 65 -S 7 X 65 -a 7 ] W 7t 


The only joint offset that has not yet been calculated is S 5 . Spatial heptagon 
direction cosines set 3 are substituted into the vector loop equation given in Equation 


+ S 5 X 4 + Cl 67 W 654 +^7^654+^71^23 ® ( 2 - 52 ' 

Once again, notation variables must be calculated before the unknown joint offset can be 


determined. 
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X 23 — X 2 C 3 ^2^3 

X 2 sj, 2 J 2 

Y 2 = ~{ S \ 2 C \2 ■*" C \ 2 S \ 2 C 2 ) 

X 4 = ^45^4 

^54 = X 5 C 4 — Y $ S 4 
^654 = X 6S C 4 ~ -S' 4 

Xs5 = C 45 (^5 ^6 C 5 ) — J 45 ^6 

^6 = C 56 C 61 ~ S 56 S 61 C 6 

XYj23 = ^3 (j-^12^22 ^12^23 ) ~ ^3^12 

U ,2 = s \ s n 

V n =-(s 2 c ] + c 2 s,c 12 ) 

^12 = C 2 C 1 * y 2 ,S l C 12 

Finally, joint offset S5 can be calculated 

£ _ ~6 , |X 23 — fl 34 — S 6 X 5A — S-j X 654 — g 7 S W ]23 

5 ~ X 


(2.53) 


(2.54) 


Both solution sets have now been calculated. In the case of the adjustment 
mechanism,, all three .joint offsets are. the same in both solution. sets. These joint offsets 
will be used to orient the lifting fixture so that a finite element analysis can be performed. 

Rotator Bar Length Calculation 

The rotator bar can be described as a RRRCRR mechanism. A reverse kinematic 
analysis could be conducted to ascertain joint angles and joint offsets that result in the 
APS pod being aligned. To conduct this analysis, the position and orientation of the end 
effector relative to the base must be input. The position of the rotator bar 6 th coordinate 

system origin has been previously defined as P^morB^r^ ■ The orientation of the end 

effector can be determined by also inputting points on the a 61 and S 6 axes and 


subtracting fr° m eac ^ t0 determine the unit vectors a 61 and S 6 . 
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Before conducting a reverse kinematic analysis of the rotator bar, it was noted that 
unique geometry makes it possible to calculate the joint offset of the cylinder joint. With 
the exception of the cylinder joint offset, all rotator bar link lengths and joint offsets are 
zero. As a result, the cylinder joint offset can be calculated using the distance equation 


S 3 = 


f pLiftingFixture _ pLiftingFixture \ 2 , / pLiftingFixture _ pLiftingFixture 

Rot at orBarX * Rotator BarBaseX } \*RotatorBarY * Ro tator Bar BaseY ) 

( pLiftingFixture pLiftingFixture V 

‘ y . RotatorBarZ RotatorBarBaseZ ) 


(2.55) 


Although unknown joint angles could be calculated using S 3 , they are not needed for this 
analysis. 

Nominal Solution 

A program was written to perform pod alignment and subsequent joint offset 
calculations as described in this chapter. The mechanism parameters specified in 

Table 2-1 and the input coordinates of points P^Lm > P IuLpa > P mLpo > PrmZbT* > 


pLiftingFixture pLiftingFixture pLiftingFixture pLiftingFixture pLiftingFixture j pLiftingFixture werg 

- * ^FwdAdjMeehOrig ~FwdAidjMechX 3 FwdAdjMechZ ~ * 5 AftAdjMechOrig 5 AftAdjMechX- 5 AftAdjMechZ 

used. 

Table 2-2 compares the joint offsets calculated by the program to the joint offsets 
measured using a perfectly aligned APS pod CAD model. The similar results show that 
the program is able to accurately calculate joint offsets for a known lifting fixture 
location. The two solutions, solution A and solution B, have nearly identical joint offsets 
but differing joint angles (not shown). 

The program is also able to perform a reverse kinematic analysis for right APS 
pods. This is accomplished by inverting the sign of the input Y or biter coordinates then 
proceeding with the rest of the solution method. Right APS pods, lifting fixtures and 
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orbiter attach points are mirror images of left APS pods, lifting fixtures, and orbiter deck 
attach points. 



Figure 2-1 . Joint offset calculation procedure. 
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Figure 2-2. Three points are needed to determine each adjustment mechanism's position 
and orientation (aft adjustment mechanism shown, typical of all adjustment 
mechanisms). 


Figure 2-3. Adjustment mechanism joint axis vectors and link vectors. 


30 


Table 2-1 . Adjustment mechanism parameters. 


Link length, inches 

Twist angle, degrees 

Joint offset, inches 

Joint angle, 
degrees 

a , 2 = 0.000 

ai 2 = 270.0 

S 1 = Close-the-loop 
variable 

cpi = variable 

2-23 = 0.000 

« 2 3 = 270.0 


02 = variable 

a 34 = 4.147 

(X 34 = 270.0 

S 3 = 0.000 

0 3 = variable 

345 = 0.000 

045 = 270.0 

S 4 = variable 

0 4 = 270.0 

a 56 ” 0.000 

(X 56 ~ 90.0 

S 5 = variable 


a67 = 0.000 

067 = 90.0 

S 6 = variable 

0 6 = 180.0 

a 7 .i = Close-the-loop 
variable 

071 = Close-the-loop 
variable 

S 7 = Close-the-loop 
variable 

0 7 = Close-the- 
loop variable 


Table 2-2. Comparison of joint offsets calculated by the program to measured using the 


CAD model. 



Forward adjustment 
mechanism 

Aft adjustment mechanism 

Measurement 

method 

s 4 

s 5 

s 6 

s 4 

s 5 

s 6 

CAD model 

13.6655” 

14.5243”! 

8.7968” 

12.3174” 

14.8512” 

8.8823” 

Program 
solution A 



8.7968” 

12.3174” 

14.8512” 

8.8824” 

Program 
solution B 

13.6655” 

14.5243” 

8.7968” 

12.3174” 

14.8512” 

8.8824” 


Rotator 

bar 

S 3 

94.5707” 


94.5706” 



























CHAPTER 3 

UNCERTAINTY ANALYSIS 

Due to the stringent accuracy requirements associated with the APS pod installation 
operation, an uncertainty analysis was conducted to assess the validity of the proposed 
solution method. Two different uncertainty calculation methods were used to create an 
upper and lower bound for total uncertainty. The 100% covariance method produces 
very conservative results since it assumes all errors are at their maximum value. The root 
sum squared method provides more optimistic results. The 100% covariance and root 
sum squared uncertainty calculations provide an upper and lower bound respectively for 
the total error that can be reasonably expected. 

Off-Nominal Conditions within Tolerance 

Manufacturing tolerances can have a significant effect on the overall accuracy of a 
manipulator. As a result, precision manipulators are often manufactured with very tight 
tolerances. 

Adjustment Mechanism Spherical Joint Socket Locations 

There are manufacturing tolerances associated with the spherical joint sockets and 
the position of their mounting holes on the orbiter. These tolerances yield an uncertainty 
of ±0.0349" in the position of each spherical joint (both X or biter and Z or biter directions). 

The resulting misalignment of the APS pod can be seen in Tables 3-1 and 3-2. 

Orbiter Attach Point Locations 

There is also uncertainty associated with the position of the orbiter attach points on 
the orbiter. According to drawing tolerances, the orbiter attach points are located within 
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0.010” of their intended position in the X p0 d, Y pod , and Zp 0 d directions. The effect of a 
0.0104” attach point misalignment in all directions on the alignment of an APS pod can 
be seen for each attach point individually in Tables 3-3, 3-4, and 3-5. 

The APS Pod Fitting Locations 

There is also uncertainty about the locations of the fittings on the APS pod. As 
with the orbiter attach point locations, the tolerance associated with the APS pod fitting 
locations is 0.010”. Therefore, an uncertainty of 0.0104” in all directions is associated 
with each pod fitting location. The APS pod misalignment caused by this uncertainty is 
given in Tables 3-6, 3-7, and 3-8. 

Lifting Fixture Attach Point 3 Location 

The position of the APS pod relative to the lifting fixture is largely determined by 
the location of the lifting fixture’s attachment to the APS pod Attach Point 3 fitting. 
Drawing tolerances affect the position of the lifting fixture’s attachment location relative 
to the adjustment mechanism end effectors. According to drawing tolerances, the lifting 
fixture Attach Point 3 location can be up to (0.0349”, 0.0698”, 0.0349”) from the 
intended position in (X p0 d, Y pod , Z po d). It may be surprising to note that this tolerance 
single-handedly prevents the Attach Point 3 accuracy requirement from being met. 
However, it is probable that engineers did not expect to apply robot kinematics to the 
lifting fixture when it was designed in 1977. The pod misalignment resulting from this 
uncertainty can be simply calculated. Results are presented in Table 3-9. 

Lifting Fixture Adjustment at Attach Point 3 

There also exists the capability to adjust the position of the APS pod at the Attach 

Point 3 location. The magnitude of this adjustment capability is 0.418” in the ±X pod 
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directions. Since this adjustment potentially shifts the entire APS pod, all three attach 
points are affected by this source of uncertainty as shown in Table 3-10. 

Uncertainty of Input Values 

Location of rotator bar base. At first glance, it might appear that the base of the 
rotator bar can be considered “ground” at a known position relative to the spherical joint 
sockets and orbiter attach points. Unfortunately, this is not the case. One factor is the 
dimensional variance between each of the three OPFs. The rotator bar base is mounted to 
a beam in each OPF and the location of that beam might not be identical in each OPF. A 
.much more significant factor is that the position of the orbiter relative to the OPF is not 
always the same. After each mission, the orbiter is towed into the OPF and jacked off the 
floor. Per specification, the orbiter must be towed to ±1" forward/aft, ±1.5" 
port/starboard, and ±0.25" up/down of a specified nominal position. Therefore, the 
position of the rotator bar base can be significantly different from nominal. 

As a result, the. position of the rotator bar base relative to the spherical joint sockets 
must be measured before each APS pod installation. Preliminary indications are that this 
position can be measured to a total accuracy of 0.010” or better. The uncertainty can be 
determined by positioning the rotator bar base 0.0104” from the nominal position and 
using nominal joint offsets. The effect of this measurement error is greatest if it occurs 
along the prismatic joint axis. Table 3-1 1 shows the effect of this error on attach point 
alignment. 

Calculation-Related Uncertainties 

Computer program uncertainty. Ideally, the computer program calculates the 
exact joint offsets required to position the lifting fixture as desired. However, roundoff 
errors can propagate and potentially become a significant error source. 
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To determine error associated with the program, the lifting fixture CAD model was 
positioned in a known location. Using Pro/E’s mechanism application, connections 
between components were defined as joints rather than rigid connections. This 
automatically positioned the adjustment mechanisms and rotator bar joints as needed to 
properly connect to the lifting fixture and mechanism base. The position of specific 
points in the model was then input into the program. The program calculated the joint 
offsets required to align the lifting fixture. These offsets were compared to the joint 
offsets measured in the CAD model. 

Inaccuracies were initially experienced due to errors in the CAD model. 
Additionally, using only three decimal places for input values caused significant errors. 
After these problems had been remedied, numerical methods were not required to further 
refine the calculations. Results can be viewed in Table 3-12. 

Hardware Positioning Uncertainty 

Although joint offsets can be accurately calculated to several decimal places, the 
ability of the pod installation team to adjust the rotator bar and adjustment mechanisms is 
limited. These limitations are largely due to measurement device uncertainty, mounting 
inaccuracies, and the tolerances of the components being measured. Adjustment 
mechanism measurement directions are shown in Figure 3-1 . 

Uphill/Downhill Joint Offset Measurement 

The joint offset S 4 has been previously defined as the distance along the S 4 vector 

between the a 34 and a 45 vectors. The pod installation team can adjust this joint offset to 
match the value calculated by the alignment program. 
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The desired joint offset reading on the measurement device can be achieved. 
However, the accuracy of this measurement is affected by factors such as measurement 
device uncertainty, mounting inaccuracies, and hardware tolerances. A preliminary 
assessment of these factors suggests that an accuracy of ±0.010" can be achieved. This 
uncertainty analysis will determine the alignment error resulting from a misalignment of 
0.0104” uphill for the forward and aft adjustment mechanism. The results of this analysis 
are stated below in Tables 3-13 and 3-14. 

Off-the-Deck/On-the-Deck Joint Offset Measurement 

The accuracy of the S 5 joint offset measurement is also affected by measurement 
device uncertainty, mounting inaccuracies, and hardware tolerances. The total 
measurement uncertainty is approximated as ±0.010" . An analysis has been performed 
to ascertain attach point misalignment due to a 0.0104” misalignment in the off-the-deck 
direction for each adjustment mechanism. The results of this analysis can be found in 
Tables 3-15 and 3-16. 

Forward/Aft Joint Offset Measurement 

As with the measurement uncertainties for joint offsets S 4 and S5, it is assumed that 
measurements of joint offset S 6 are accurate to within 0.010”. The effect of a 0.0104” 
misalignment in the forward direction was studied. In order for this misalignment to 
occur, the entire lifting fixture must be 0.0104” forward which means both the forward 
and aft S 6 are misaligned by the same value. The resulting misalignment of attach points 
is listed in Table 3-17. 

Rotator Bar Joint Offset Measurement 

The rotator bar S 3 prismatic joint offset is affected by the same uncertainty sources 
as the adjustment mechanism joint offsets. Measurement uncertainty is also 
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approximately ±0.010" . The misalignment of a rotator bar that is extended 0.0104” 
more than the measurement indicates is shown in Table 3-18. 

Compliance in Joints 

It is stated that “80% of the flexibility of industrial robots comes from the joint.” 
[5] Quantifying this compliance is a difficult task. It will be estimated by considering 
each joint on an individual basis. Joints exist where two components are attached. The 
dimensional difference between those two components was first identified. Loading was 
then considered while determining the relative position of the components under the 
assumption they are in contact. One component is translated and, in some cases also 
rotated, to the determined position. The resulting APS pod misalignment is calculated 
from these translations and rotations. The total uncertainty related to compliance is 
documented in Table 3-19. 

Total Uncertainty' Calculation 

There are different methods for calculating total system uncertainty for a specified 
set of individual uncertainties. Individual uncertainties at each attach point are 
summarized in Tables 3-20, 3-21, and 3-22. This information will be used to calculate 
total uncertainty using the 1 00% covariance method and the least squared method. The 
total uncertainty will then be compared to the accuracy requirements for APS pod 
alignment. 

One Hundred Percent Covariance Method 

The 100% covariance method assumes that each individual uncertainty is at a 
maximum at the same time. Assuming that all significant sources of uncertainty have 
been found and reasonably approximated, the 1 00% covariance method provides the 


“worst case scenario”. 
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The total uncertainty is calculated by summing all individual uncertainties. The 
X pod and Zpod accuracy requirements at attach points 1 and 3 are not specified 
individually. Since it is desired to compare total uncertainty to accuracy requirements, 
the Xp 0 d and Z po d total uncertainty has been combined for attach points 1 and 3. Table 3- 
23 allows the uncertainty calculated using the 100% covariance method to be compared 
to the accuracy requirement. 

Root Sum Squared Method 

The root sum squared method provides the lower bound for total uncertainty 
projections. The root sum squared uncertainty is calculated by 



where Ujotai is the total uncertainty and the individual uncertainties are given by Uj 
through U n . 

The Xpod and Zp 0 d uncertainties at attach points 1 and 3 have been combined for 
comparison to accuracy requirements'. This comparison is presented in TableT>-2T. 
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Table 3-1 . Forward spherical joint socket to 

erances. 

Attach point 

Coordinate 

axis 

Nominal 

solution 

Fwd socket misaligned 
by 0.0349” in the +X or biter 
and +Z or biter directions 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5335” 

-0.0335” 

Ypod 

100.0000” 

100.0353” 

-0.0353” 

Zpod 

152.3460” 

152.3745” 

-0.0285” 

Attach Point 2 

Xpod 

106.5000” 

106.5181” 

-0.0181” 

Ypod 

100.0000” 

100.0224” 

-0.0224” 

Zpod 

49.1790” 

49.2075” 

-0.0285” 

Attach Point 3 

Xpod 


253.5167” 

-0.0167” 



100.0078” 

-0.0078” 

■1 


39.7747” 

-0.0067” 


Table 3-2, Aft spherical joint socket tolerances. 


Attach point 

Coordinate 

axis 

Nominal 

solution 

Aft socket misaligned by 
0.0349” in the +X orbiter 
and +Z or biter directions 

Resulting attach 
point 

misalignment 


Xpod 

106.5000” 

106.5016” 

-0.0016” 

Attach Point 1 

Ypod 

100.0000” 

100.0062” 

-0.0062” 


Zpod 


152.3440” 

0.0020” 


Xpod 


106.5141” 

i 

o 

o 

4^ 

Attach Point 2 

Ypod 


99.9962” 

0.0038” 


Zpod 


49.1770” 



Xpod 


253.5153” 

-0.0153” 

Attach Point 3 

Ypod 

100.0000” 

100.0155” 

-0.0155” 


Zpod 

39.7680” 

39.7839”' 

-0.0159” 
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Table 3-3. Orbiter Attach Point 1 tolerances. 


Attach point 

Coordinate axis 

Nominal 

solution 

Attach Point 1 
misalignment of 
0.0104” in all 
three directions 

Resulting attach 
point 

misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5104” 

-0.0104” 

Ypod 

100.0000” 

100.0104” 

-0.0104” 

Zpod 

152.3460” 

152.3564” 

-0.0104” 

Attach Point 2 

Xpod 

106.5000” 

106.5000” 

0.0000” 

Ypod 

100.0000” 

100.0000” 

0.0000” 

Zpod 

49.1790” 

49.1790” 

0.0000” 

Attach Point 3 

x DOd 

253.5000” 

253.5000” 

0.0000” 

Ypod 

100.0000” 

100.0000” 

0.0000” 

Zpod 

39.7680” 

39.7680” 

0.0000” 


Table 3-4. Orbiter Attach Point 2 tolerances. 


Attach point Coordinate axis Nominal 

solution 


106.5000” 


100 . 0000 ” 


152.3460” 


106.5000” 


100 . 0000 ” 


49.1790” 

253.5000” 

100 . 0000 ” 

39.7680” 



Attach Point 2 
misalignment of 
0.0104” in all 
three -directions 
106.5000” 


100 . 0000 ” 


152.3460” 


106.5104” 


100.0104” 

49.1894” 

253.5000”" 

100 . 0000 ” 

39.7680” 


0 . 0000 ’ 


0 . 0000 ’ 



-0.0104” 

-0.0104” 

0 . 0000 ” 

0.0000” 

0 . 0000 ” 
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Table 3-5. Orbiter Attach Point 3 tolerances. 


Attach point 

Coordinate axis 

Nominal 

solution 

Attach Point 3 
misalignment of 
0.0104” in all 
three directions 

Resulting attach 
point 

misalignment 


Xpod 

106.5000” 

106.5000” 

0.0000” 

Attach Point 1 

Ypod 

100.0000” 

100.0000” 

0.0000” 


Zpod 

152.3460” 

152.3460” 

0.0000” 


Xpod 

106.5000” 

106.5000” 

0.0000” 

Attach Point 2 

Ypod 

100.0000” 

100.0000” 

0.0000” 


*7 

^pod 

49.1790” 

49.1790” 

0.0000” 


Xpod 

253.5000” 

253.5104” 

-0.0104” 

Attach Point 3 

Y D od 

100.0000” 

100.0104” 

-0.0104” 


Zpod 

39.7680” 

39.7784” 

-0.0104” 


Table 3-6. APS pod Attach Point 1 tolerances. 


Attach point 

Coordinate axis 

Nominal 

solution 

Attach Point 1 Fitting 
misalignment of 
0.0104” in all three 
directions 

Resulting 
attach point 
misalignment 


Xpod 

106.5000” 

106.5104” 

-0.0104” 

Attach Point 1 

Ypod 

100.0000” 

100.0104” 

-0.0104” 


Zpod 

152.3460” 

152.3564” 

-0.0104” 


Xpod 

106.5000” 

106.5000” 

0.0000” 

Attach Point 2 

Ypod 

100.0000” 

100.0000” 

0.0000” 


Zpod 

49.1790” 

49.1790” 

0.0000” 


Xpod 

253.'5000” 

25375000” 

0.0000” 

Attach Point 3 

Ypod 

100.0000” 

100.0000” 

0.0000” 


Zpod 

39.7680” 

39.7680” 

0.0000” 
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Table 3-7. APS pod Attach Point 2 tolerances. 


Attach point 

Coordinate axis 

Nominal 

solution 

Attach Point 2 Fitting 
misalignment of 
0.0104” in all three 
directions 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5000” 

0.0000” 

Y po d 

100.0000” 

100.0000” 

0.0000” 

Zpod 

152.3460” 

152.3460” 

0.0000” 

Attach Point 2 

Xpod 

106.5000” 

106.5104” 

-0.0104” 

Ypod 

100.0000” 

100.0104” 

-0.0104” 

Zp 0 d 

49.1790” 

49.1894” 

-0.0104” 

Attach Point 3 

Xpod 

253.5000” 

253.5000” 

0.0000” 

Ypod 

100.0000” 

100.0000” 

0.0000” 

Zpod 

39.7680” 

39.7680” 

0.0000” 


Table 3-8. APS pod Attach Point 3 tolerances. 


Attach point Coordinate axis Nominal 

solution 


Attach Point 1 


Attach Point 2 


Attach Point 3 



106.5000” 


100 . 0000 ” 


152.3460” 


106.5000” 


100 . 0000 ” 

49.1790” 

253 : 5000 ” 

100 . 0000 ” 

39.7680” 


Attach Point 3 Fitting 
misalignment of 
0.0104” in all three 
directions 


106.5000” 


100 . 0000 ” 


152.3460” 


106.5000” 


100 . 0000 ” 


49.1790” 

253 : 5104 ”' 

100.0104” 

39.7784” 


Resulting 
attach point 
misalignment 


0 . 0000 ” 


0 . 0000 ” 


0 . 0000 ” 


0 . 0000 ” 


0 . 0000 ” 


0.0000” 


-0.0104” 


-0,0104” 

-0.0104” 
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Table 3-9. Lifting fixture Attach Point 3 tolerances. 



Coordinate 

axis 

Nominal 

solution 

Lifting fixture Attach 
Point 3 misalignment due 
to tolerances 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5349” ' 

-0.0349” 

Ypod 

100.0000” 

100.0698” 

IHKlISIifll 

Zpod 

152.3460” 

152.3809” 

1 

Attach Point 2 

X DO d 

106.5000” 

106.5349” 

-0.0349” 

Ypod 

100.0000” 

100.0698” 

-0.0698” 

Zpod 

BfellrisIiUI 

49.2139” 

r*™ 

Attach Point 3 

Xpod 

m 

253.5349” 

WESEBEMM 

Ypod 

100.0000” 

100.0698” 

-0.0698” 

Zpod 

39.7680” 

39.8029” 

-0.0349” 


Table 3-10. Lifting fixture Attach Point 3 adjustment. 


Attach point 


Coordinate 

axis 


Nominal 

solution 


Maximum Adjustment of 
0.4184” inthe+Xp 0d 
direction at Attach Point 
3 


Resulting 
attach point 
misalignment 


Attach Point 1 


Xppd 


106.5000’ 


106.9184’ 


Apod 


100 . 0000 ” 


100 . 0000 ” 


Lpod 


152.3460’ 


152.3460” 


-0.4184” 


0.0000’ 


0.0000’ 


Attach Point 2 


^pod 


106.5000’ 


106.9184” 


Y, 


pod 


100 . 0000 ’ : 


100 . 0000 ” 


-"pod 


49.1790” 


49.1790” 


-0.4184’ 


0.0000” 


0 . 0000 ” 


Attach Point 3 


Xppd 


253.5000’ 


253.9184” 


Y 


pod 


100 . 0000 ” 


100 . 0000 ” 


-^pod 


39.7680’ 


39.7680” 


-0.4184” 


0 . 0000 ” 


0 . 0000 ’ 
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Table 3-11. Misalignment of the rotator bar base. 


Attach point 

Coordinate axis 

Nominal 

solution 

0.0104” rotator 
base 

misalignment 

Resulting attach 
point 

misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.4989” 

0.0011” 

Ypod 

100.0000” 

99.9836” 

0.0164” 

Zpod 

152.3460” 

152.3563” 

-0.0103” 

Attach Point 2 

Xpod 

106.5000” 

106.5001” 

-0.0001” 

Ypod 

100.0000” 

99.9974” 

0.0026” 

Xpod 

49.1790” 

49.1893” 

i 

O 

o 

o 

U) 

Attach Point 3 

Xpod 

253.5000” 

253.5002” 

-0.0002” 

Ypod 

■ 100.0000” 

99.9983” 

0.0017” 

Zpod 

39.7680” 

39.7800” 

-0.0120” 


Table 3-12. Computer program uncertainty. 


Attach point 

Coordinate 

axis 

Joint offsets 
from the CAD 
model are 
used 

Joint offsets from 
the program are 
input into the model 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5000” 

0.0000” 

Ypod 

100.0000” 


0.0000” 

Xpod 

152.3460” 

152.3460” 

0.0000” 

Attach Point 2 

Xp 0 d 

106.5000” 

106.5000” 

0.0000” 

Ypod 

100.0000” 

100.0000” 

0.0000” 



Xpod 

49.1790” 

49.1790” 

0.0000” 


Xpod 

253.5000” 

253.5000” 

0.0000” 

Attach Point 3 

Ypod 

100.0000” 

1 00.0000” 

0.0000” 


Zpod 

39.7680” 

39.7680” 

0.0000” 
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Si, 334 


Figure 3-1. Adjustment mechanism joint axis vectors and link vectors. 


Table 3-13. Forward adjustment mechanism uphi 

1 measurement uncertainty. 

Attach point 

Coordinate axis 

Nominal 

solution 

Misalignment of the 
Fwd S 4 0.0104” 
Uphill 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5071” 

-0.0071” 

Ypod 

100.0000” 

100.0080” 

-0.0080” 

Zpod 

152.3460” 

152.3686” 

-0.0226” 

Attach Point 2 

Xpod 

106.5000” 

106.5011” 

O 

o 

o 

Ypod 

100.0000” 

100.0005” 

-0.0005” 

Zpod 

49.1790” 

49.2015” 

-0.0225” 

Attach Point 3 

Xpod 

253.5000” 

253.5005” 

-0.0005” 

Ypod 

100.0000” 

99.9996” 

0.0004” 

Zpod 

39.7680” 

39.7819” 

-0.0139” 
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Table 3-14, Aft adjustment mechanism uphill measurement uncertainty. 


Attach point 

Coordinate axis 

Nominal 

solution 

Misalignment of the 
Aft S 4 0.0104” 
Uphill 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.4929” 

0.0071” 

Ypod 

100.0000” 

100.0058” 

-0.0058” 

Zpod 

152.3460” 

152.3550” . 

-0.0090” 

Attach Point 2 

Xpod 

106.5000” 

106.4992” 

0.0008” 

Ypod 

100.0000” 

100.0003” 

-0.0003” 

Zpod 

49.1790” 

49.1880” 

-0.0090” 

Attach Point 3 

Xpod 

253.5000” 

253.4999” 

0.0001” 

Ypod 

100.0000” 

99.9994” 

0.0006” 

Zpod 

39.7680” 

39.7860” 

-0.0180” 

Table 3-15. Forward adjustment mechanism off-tl 

le-deck measurement uncertainty. 

Attach point 

Coordinate axis 

Nominal 

solution 

Misalignment of the 
FwdS 5 0.0104” 
Off-the-Deck 

Resulting 
attach point 
misalignment 

Attach Point 1 

Xpod 

106.5000” 

106.5002” 

-0.0002” 

Ypod 

100.0000” 

100.0103” 

-0.0103” 

Zpod 

152.3460” 

152.3566” 

-0.0106” 

Attach Point 2 

Xpod 

106.5000” 

106.5006” 

-0.0006” 

Ypod 

100.0000” 

100.0113” 

-0.0113” 

Zpod 

49.1790” 

49.1895” 

i 

o 

o 

o 

Attach Point 3 

Xpod 

25 3" 5 000” ' 

2515007” 

- 0.000 T 

Ypod 

100.0000” 

100.0023” 

-0.0023” 

Zpod 

39.7680” 

39.7792” 

-0.0112” 




46 


Table 3-16. Aft adjustment mechanism off-the-deck measurement uncertainty. 


Attach point 


Coordinate axis 


Nominal 

solution 


Misalignment of the 
Aft S5 0.0104” Off- 
the-Deck 


Resulting 
attach point 
misalignment 


Attach Point 1 


^pod 


Y, 


pod 


-^pod 


106.5000” 


106.4993” 


100 . 0000 ’ 


99.9961’ 


152.3460” 


152.3570” 


0.0007’ 


0.0039” 


- 0 . 0110 ’ 


Attach Point 2 


X, 


pod 


Y, 


pod 


-^pod 


106.5000” 


106.4996’ 


100 . 0000 ” 


99.9978” 


49.1790” 


49.1900’ 


0.0004” 


0 . 0022 ” 


- 0 . 0110 ” 


Attach Point 3 


X, 


pod 


- pod 


-^pod 


253.5000” 


253.4996” 


100 . 0000 ” 


100.0063’ 


39.7680” 


39.7795” 


0.0004” 


-0.0063” 


-0.0115’ 


Table 3-17. Fwd and aft adjustment mechanism measurement uncertainty in the forward 
direction. 


Attach point 

Coordinate axis 

Nominal 

solution 

Misalignment of the 
Fwd Sfi and Aft S6 
by 0.0104” in the 
Forward Direction 

Resulting 
attach point 
misalignment 


Xpod 

106.5000” 

106.4997” 

0.0003” 

Attach Point 1 

Ypod 

100.0000” 

99.9992” 

0.0008” 


Zpod 

152.3460” 

152.3565” 

-0.0105” 


Xp od 

106.5000” 

106.5002” 

-0.0002” 

Attach Point 2 

Ypod 

100.0000” 

99.9995” 

0.0005” 


Zpod 

49.1790” 

49.1895” 

-0.0105” 


Xpod 


253:5002” 

-0.0002” 


Xpod 

100.0000” 

99.9992” 

0.0008” 


Zpod 

39.7680” 

39.7792” 

-0.0112” 


>od 


- 0 . 0112 ” 
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Table 3-18. Rotator bar length measurement uncertaint 


Attach point Coordinate axis 


Attach Point 1 


Attach Point 2 


Nominal 

solution 

Misalignment of the 
Rotator bar S3 
0.0104” Extend 

106.5000” 

106.4989” 

100.0000” 

99.9836” 

152.3460” 

152.3563” 

106.5000” 

106.5001” 

100.0000” 

99.9974” 

49.1790” 

49.1893” 

253.5000” 

253.5002” 

100.0000” 

99.9983” 

39.7680” 

39.7800” 


0 . 0011 ” 


0.0164” 


-0.0103” 


- 0 . 0001 ” 


0.0026” 


-0.0103” 


- 0 . 0002 ” 


0.0017” 


- 0 . 0120 ” 


Attach point Coordinate axis 


Attach Point 1 


Attach Point 2 


Attach Point 3 


Nominal 

solution 


100 . 0000 ” 


152.3460” 


106.5000” 


100 . 0000 ” 


253.5000” 


100 . 0000 ” 


39.7680” 


0.39 


0.1172’ 


0.0628’ 


0.0620” 
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Table 3-20. Summary of Attach Point 1 uncertainty sources. 


Uncertainty Description 

Attach Point 1 
(inches) 

Xpod 

Ypod 

Zpod 

Fwd spherical joint socket location 

0.0335 

0.0353 

0.0285 

Aft spherical joint socket location 

0.0016 

0.0062 

0.0020 

Orbiter Attach Point 1 location 

0.0104 

0.0104 

0.0104 

Orbiter Attach Point 2 location 

0.0000 

0.0000 

A AAAA 

U.UUV9U 

Orbiter Attach Point 3 location 


0.0000 


APS pod Attach Point 1 location 

0.0104 

0.0104 

0.0104 

APS pod Attach Point 2 location 

0.0000 

0.0000 

0.0000 

APS pod Attach Point 3 location 

— ii 

0.0000 

11 

Lifting fixture nominal Attach Point 3 location 

USES! 

0.0698 

IififcEkl 

Adiustment capability of Attach Point 3 

mini 

0.0000 

EH 

Measurement of rotator bar base location 


0.0164 


Calculations by computer program 

liltliMiB 

0.0000 


Iterative process acceptance criteria 


0.0005 


Measurement of fwd adjustment mechanism uphill/downhill 
position 




Measurement of aft adjustment mechanism uphill/downhill 
position 




Measurement of fwd adjustment mechanism off-the-deck/on- 
the-deck position 




Measurement of aft adjustment mechanism off-the-deck/on- 
the-deck position 

0.0007 

0.0039 

0.0110 

Measurement of adjustment mechanism forward/aft position 

0.0003. 

0.0008 

0.0.105 

Measurement of rotator bar joint offset 

0.0011 



Compliance in joints 
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Table 3-21. Summary of Attach Point 2 uncertainty sources. 


Uncertainty Description 

Attach Point 2 
(inches) 

Xpod 

Ypod 

Z-pod 

Fwd spherical joint socket location 

0.0181 

0.0224 

0.0285 

Aft spherical ioint socket location 

0.0141 

0.0038 

0.0020 

Orbiter Attach Point 1 location 

0.0000 

0.0000 

0.0000 

Orbiter Attach Point 2 location 

0.0104 

0.0104 

0.0104 

Orbiter Attach Point 3 location 

0.0000 

0.0000 

0.0000 

APS pod Attach Point 1 location 

0.0000 

0.0000 

0.0000 

APS pod Attach Point 2 location 

0.0104 

0.0104 

0.0104 

APS pod Attach Point 3 location 

0.0000 

0.0000 

0.0000 

Lifting fixture nominal Attach Point 3 location 

0.0349 

0.0698 

0.0349 

Adiustment capability of Attach Point 3 

0.4184 

0.0000 

0.0000 

Measurement of rotator bar base location 

0.0001 

0.0026 

0.0103 

Computer program roundoff error 

0.0000 

0.0000 

0.0000 

Iterative process acceptance criteria 

0.0001 

0.0005 

0.0004 

Measurement of fwd adjustment mechanism uphill/downhill 
position 

0.0011 

0.0005 

0.0225 

Measurement of aft adjustment mechanism uphill/downhill 
position 

0.0008 

0.0003 

0.0090 

Measurement of fwd adjustment mechanism off-the-deck/on- 
the-deck position 

0.0006 

0.0113 

0.0105 

Measurement of aft adjustment mechanism off-the-deck/on- 
the-deck position 

0.0004 

0.0022 

0.0110 

Measurement of adjustment mechanism forward/aft position 

0.0002 

0.0005 

0.0105 

Measurement of rotator bar joint offset 

0.0001 

0.0026 

0.0103 

Compliance in joints 

0.0002 

0.0886 

0.0628 
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Table 3-22. Summary of Attach Point 3 uncertainty sources. 


Uncertainty Description 

Attach Point 3 
(inches) 


■SH 


Fwd spherical joint socket location 


0.0078 

mm 

Aft spherical ioint socket location 

mi 

0.0155 


Orbiter Attach Point 1 location 

0.0000 

0.0000 

—a 

Orbiter Attach Point 2 location 

0.0000 

0.0000 

KM 

Orbiter Attach Point 3 location 

0.0104 

0.0104 

Itfdfffil 

APS pod Attach Point 1 location 

0.0000 

0.0000 


APS pod Attach Point 2 location 

0.0000 

0.0000 


APS pod Attach Point 3 location 

0.0104 

0.0104 


Lifting fixture nominal Attach Point 3 location 

0.0349 

0.0698 

Wivga 

Adjustment capability of Attach Point 3 

0.4184 

0.0000 


Measurement of rotator bar base location 

lilffilSEl 

0.0017 


Computer program roundoff error 

iwnnni 

0.0000 


Iterative process acceptance criteria 


0.0005 

0.0001 

Measurement of fwd adjustment mechanism uphill/downhill 
position 

0.0005 

0.0004 

0.0139 

Measurement of aft adjustment mechanism uphill/downhill 
position 

0.0001 

0.0006 

0.0180 

Measurement of fwd adjustment mechanism off-the-deck/on- 
the-deck position 

0.0007 

0.0023 

0.0112 

Measurement of aft adjustment mechanism off-the-deck/on- 
the-deck position 

0.0004 

0.0063 

0.0115 

Measurement of adjustment mechanism forward/aft position 

0.0002 

0.0008 -| 

0.0112 

Measurement of rotator bar joint offset 

0.0002 

0.0017 

0.0120 

Compliance in joints 

0.0004 

0.0955 

0.0620 


Table 3-23. Total uncertainty using the 100% covariance method. 



j g 

Attach Point 1 
(inches) 

Attach Point 2 
(inches) 

Attach 

(inc 

Point 3 
res) 

Description 

Xpod/Zpod 

Ypod 

Xpod 

Ypod 

Zpod 

Xpod/Zpod 

Ypod 

Total 

Uncertainty 

0.6028 

0.5856 

0.5099 

0.2259 

0.2335 

0.5585 

0.2237 

Accuracy 

Requirement 

0.2231 

0.0010 

2.0000 

0.0010 

0.0063 

0.0033 

0.0010 

Remaining 

Margin 

-0.3797 

-0.5846 

1.4901 

-0.2249 

-0.2272 

-0.5552 

-0.2227 
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Table 3-24. Total uncertainty' using the root sum squared method. 



Attach Point 1 
(inches) 

Attach Point 2 
(inches) 

Attach Point 3 
(inches) 

Description 

Xpod/Zpod 

Ypod 

Xpod 

Ypod 

Zpod 

Xpod/Zp 0 d 

Ypod 

Total 

Uncertainty 

0.4414 

0.4004 

0.4207 

0.1166 

0.0856 

0.4287 

0.1207 

Accuracy 

Requirement 

0.2231 

0.0010 

2.0000 

0.0010 

0.0063 

0.0033 

0.0010 

Remaining 

Margin 

-0.2183 

-0.3994 

1.5793 

-0.1156 

-0.0763 

-0.4254 

-0.1197 



<r 

CHAPTER 4 

EVALUATION OF PROPOSED ALIGNMENT METHOD 
Both uncertainty calculation methods used in Chapter 3 indicate that the proposed 
solution method is not as accurate as desired. If used, it would not be able to align the 
APS pod with the orbiter deck accurately enough to eliminate the need for additional 
manipulations. The additional manipulations required for alignment can not be 
calculated before the operation because the direction and magnitude of the misalignment 
can not be predicted. Additional manipulations are highly undesirable because the 
motion resulting from mechanism adjustments is not intuitive. As a result, the 
uncertainty analysis will be further examined and recommendations will be made to 
reduce total uncertainty. 

Discussion of Results 

Uncertainty due to tolerances can be significantly reduced by measuring “as-built” 
dimensions. The uncertainty associated with those measurements is significantly less 
than the uncertainty due to tolerances, in some cases by more than one order of 
magnitude. Measurements of specific points on the lifting fixture, APS pod, and orbiter 
can be taken before APS pod installation. 

Uncertainty can be further reduced by more accurately measuring rotator bar joint 
offset S 5 and adjustment mechanism joint offsets S 4 , S 5 , and S6. Improvements to reduce 

uncertainty might require significant.modifications to rotator barand adjustment 

mechanism hardware. However, these modifications are highly desirable because the 
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uncertainty associated with each joint offset measurement exceeds the total allowable 
uncertainty at Attach Point 3 by one order of magnitude. 

The estimated uncertainty due to compliance in rotator bar and adjustment 
mechanism joints is one of the most significant error sources studied. Although joint 
compliance can not be reduced without significant modifications to hardware, its effect 
can be minimized. There are only two lifting fixtures, one for right APS pods and one for 
left APS pods, and those lifting fixtures are in approximately the same position and 
orientation during each APS pod installation. The geometry of the lifting fixture 
configuration indicates that each joint is under load during this operation and those loads 
determine the direction affected by compliance. As a result, joint compliance has only a 
minimal effect on precision. To obtain accurate results, a correction factor can be used to 
compensate for joint compliance error. 

A correction factor might also be used to compensate for uncertainties related to 
lifting_fixture, APS pod, and orbiter geometry. For a given lifting. fixture, APS pod, and ... 
orbiter it might be discovered that the calculated solution results in a misalignment that is 
consistent in magnitude and direction. This precise solution could be made more 
accurate by implementing a correction factor. Since there are only two lifting fixtures, 
three orbiters, and a small number of APS pods, a database could be created relatively 
quickly to facilitate the calculation of a correction factor for each scenario. 

Recommendations 

The lifting fixture, adjustment mechanisms, and rotator bar are not currently 
outfitted with a means of measuring joint offsets. Therefore, it is suggested that 
measurement devices for each joint offset be installed. Laser rangefinders should be 
considered because they provide high accuracy and can be installed without modifying 



54 


load-bearing components. The proposed solution method will allow the ground support 
team to align the APS pod by manipulating joints to precalculated positions. Without 
measurement devices, the ground support team will not know when the precalculated 
positions have been reached. Based on an uncertainty analysis, an accuracy of ±0.010" 
is insufficient for measurement devices. Overall system accuracy would be greatly 
improved if measurement device accuracy approached ±0.001" . Cmde measurement 
techniques such a rulers or tape measures would provide highly inaccurate results. 

The lifting fixture design includes adjustment capability at all attach points to 
accommodate APS pod dimensional variation. This adjustment capability is large 
enough that it must be accounted for when considering the location of the APS pod 
relative to reference points on the lifting fixture. The simplest and most accurate method 
of determining the position of the APS pod relative to the lifting fixture is to make high- 
accuracy measurements before each APS pod is installed. APS pod attach points 1, 2, 

- .. and3 must bemeasured -and the -rotator bar -and adjustment.mechanism.end effector. . 
locations. Since the orientation of the adjustment mechanism end effectors must be 
known, a second point along each adjustment mechanism S 6 and a 61 vectors must also 
be measured. 

Total uncertainty can be further reduced by making additional high-accuracy 
measurements of the rotator bar base and spherical joint socket locations. Orbiter attach 
point positions can be similarly determined. These measurements yield only marginal 
accuracy improvements but are desirable nonetheless. In general, high-accuracy 
measurements can be used to compensate for insufficiently loose tolerances.. 
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As previously mentioned, a hydraulic jack is used to ensure the aft adjustment 
mechanism “follows” the forward adjustment mechanism during forward/aft motion of 
the lifting fixture. The hydraulic jack is not a precise method for positioning the aft 
adjustment mechanism. The adjustment mechanisms could be more accurately 
positioned in the forward/aft direction before they are installed in the sockets. Since the 
adjustment mechanisms will not be supporting the weight of the lifting fixture or APS 
pod at that point, they can be adjusted to the precalculated solution position without 
experiencing binding. If the S 6 joint offset calculations are correct, the adjustment 
mechanisms will not need to be adjusted in the forward/aft direction during operations. 

One advantage of the proposed solution method is that joint offset adjustments do 
not need to be made in any particular sequence. Therefore, it is not imperative that 
motions be simultaneous with one exception. As the APS pod is lowered to the orbiter 
deck, the bottom of the APS pod should be approximately parallel to the orbiter deck 
surface. If one bulb seal compresses before the others make contact, then the resulting 
frictional force might cause a slight misalignment. To minimize this effect, a reverse 
kinematic analysis should also be performed to position the APS pod at a waypoint 1/8” 
above the orbiter deck and aligned in X pod and Z po d- The APS pod can be slowly lowered 
onto the deck from that waypoint by simultaneously adjusting the rotator bar and 
adjustment mechanisms. 

It would also be beneficial to calculate the joint angle adjustments needed to move 
the APS pod in small increments along each axis. If the lifting fixture is manipulated to 
the precalculated joint angles and found to be misaligned, the ground support team will 
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know how to manipulate the lifting fixture to align the APS pod rather than rely on 
intuition. 

A Finite Element Analysis (FEA) should be performed on the lifting fixture with 
the APS pod in the installed position. This will allow the rigid body assumption to be 
validated. If the FEA shows that lifting fixture deflection is significant, then the 
deflected lifting fixture shape will be used throughout reverse kinematic analysis 
calculations. 

Summary of Recommendations 

The following recommendations should be implemented to ensure success of the 
proposed alignment method: 

• Install measurement devices to measure all variable joint offsets. 

• Make high-accuracy measurements (±0.001") of all critical relative positions. 

• Position the adjustment mechanisms in the forward/aft direction per S6 joint offset 
solutions before they begin supporting lifting fixture and APS pod weight. 

• Position the APS pod at a waypoint 1/8” above the orbiter deck and aligned along 
the plane of the orbiter deck. The joint offsets needed to position the pod at the 
waypoint are calculated by reverse kinematic analysis. 

• Use joint angle adjustments for small misalignments along each pod coordinate 
axis. 

• Perform FEA to validate the rigid body assumption. 

Conclusions 

It should be evident at this point that the design of the lifting fixture, adjustment 
mechanisms, and rotator bar is not adequate for the precision positioning task it is 
required to perform. Given the shuttle program’s limited resources, it is highly unlikely 
that this GSE will be redesigned to improve operations in lieu of upgrades to flight 
hardware. The reverse kinematic analysis presented in my study does not add the desired 
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level of accuracy to the APS pod alignment operation. However, the level of accuracy it 
does provide is a substantial improvement to the current process. Implementation of this 
solution method adds a relatively small amount of manpower and cost to operations 
compared to the projected benefit. This solution method is a viable aid to APS pod 
alignment during installation onto the orbiter. 



APPENDIX A 

SHUTTLE COORDINATE SYSTEMS 


Several different coordinate systems are commonly used to describe locations on 
the space shuttle. Two of these coordinate systems are the orbiter coordinate system and 
the APS pod coordinate system. 

The orbiter coordinate system is essentially the orbiter’ s version of a body-fixed 
coordinate system. The origin is located forward of the orbiter’s nose. The positive X- 
direction is aft, positive Y- direction is outboard through the starboard wing, and positive 
Z- direction is out through the vertical tail. The location and orientation of the orbiter 
coordinate system can be seen in Figure A-l. Orbiter coordinates are used throughout 
this analysis except when the location of the orbiter deck is specifically needed. 

The APS pod coordinate systems are local coordinate systems used to describe 
orbiter locations relative to the orbiter deck planes. In both right .APS pod coordinates 
and left APS pod coordinates, the plane of the appropriate orbiter deck can be described 
by the equation Y p0 d = 100. The origin is located forward of the APS pod and below the 
orbiter deck. The positive X- direction is aft and slightly outboard, positive Y- direction 
is perpendicular to the orbiter deck and includes an outboard component, and positive Z- 
direction is angled inboard along the plane of the orbiter deck. The right APS pod 
coordinate system can be seen in Figure A-2. 

The transformation matrices between orbiter coordinates and right APS pod 
coordinates are documented as 
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'0.9986104865 

-0.0526981625 

0 

1212.4087676' 

Orbiter ry 

0.0379078857 

0.7183402679 

0.6946583705 

59.30094352 

RightPod ■* 

0.0366072197 

0.6936931332 

0.7193398003 

311.74989638 


0 

0 

0 

1 


'0.9986104865 

0.0379078857 

0.0366072197 

-1224.3843795 

Right Pod rp 

-0.0526981625 

0.7183402679 

0.6936931332 

-194.96530381 

Orbiter 

0 

-0.6946583705 

0.7193398003 

-183.06021143 


0 

0 

0 

1 


(A. 1) 


Drawings containing the APS pod and its ground support equipment show 
hardware associated with the left APS pod. The CAD model is based on these drawings 
and therefore also shows left APS pod hardware. Unfortunately, transformation matrices 
for the left APS pod coordinate system are not documented. 

The location and orientation of the APS pod coordinate systems are symmetric 
about the orbiter coordinate XZ plane. Using this fact, transformation matrices for the 
left APS pod coordinate system can be calculated. 

It should be noted that the left APS pod coordinate system does not obey the right 
hand rule. In the interest of avoiding calculation errors due to the use of a left hand 
coordinate system, the derived left APS pod coordinate system will be made to obey the 
right hand rule by inverting its Z- axis. 

First, the rotation angle 0 about unknown unit vector m can be calculated from 


<9 = cos 


-i 


'll +/ 22 + , 33 


= 44.0984373537° 


(A.2) 


where r n , r 22 , and r 33 are the first three diagonal terms in 0 P fT t ' Pod T . The unit vector m 


can be determined from 
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1' — pnc f) 

= + l 'n = +0.997532008229 


m y = 


m_ = ■ 


1-COS# 


r n +r i\ 


2m x (l - cos#) 


= ±0.026302324052 


(A- 3) 


63+ 'll 


• = ±0.065100540004 


2 m x (l-cos#) 

The sign of m x and subsequent signs of m y and m z are determined from 


m . = 


r 32_ Jk _ -0.997532008229 


m y =-0.026302324052 


(A.4) 


2 sin# 

-0.026: 

m 2 =-0.065100540004 

To calculate the left APS pod coordinate system, a rotation of -0 about the mirror of 
vector m will be conducted. The resulting transformation matrix is 


Orbiter 

LeflPod 


T = 


mmu + cos <9 


-m x m y o-m z sin# m x m z v-m y sin# -1224.380 


-m x m y v + m z sin # m y m y v + cos # - m y m z u - m x sin # -1 94.965 


m Y mu + m v sin# 

x z y 

0 


m sin # 

y x 


m^m^v + cos,9 
0 


183.060 

1 


(A.5) 


o = l — cos # = 0.2818547227 


After altering the matrix to invert the Z- axis, the result is 

0.9986104865 -0.0379078857 0.0366072197 

-0.0526981625 -0.7183402679 0.6936931333 

0 -0.6946583705 -0.7193398003 

0 0 0 


Orbiter rp 

LeftPod 1 ” 


-1224.380 

-194.965 

183.060 

1 


(A.6) 


Orbiter tp 

LeftPod 1 ~ 


The inverse of this matrix is 

0.9986104864 -0.0526981625 

-0.0379078857 -0.7183402680 
0.0366072197 0.6936931333 

0 0 


0 

-0.6946583705 

-0.7193398003 

0 


1212.40876751 

-59.3009435119 

311.749896399 

1 


(A.7) 
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In retrospect, the simplest solution would have been to have the program invert all 
negative orbiter Y- coordinates input into the program. This would have eliminated the 
need for the left APS pod coordinate derivation because the right APS pod coordinate 
system could be used instead. 



Figure A-l . Orbiter coordinate system. 
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Figure A-2. Right APS pod coordinate system. [2] 



APPENDIX B 

REVERSE KINEMATIC ANALYSIS NOTATION 
The reverse kinematic analysis notation used in my study is defined as follows. 
Subscripts h, i, j, k, and 1 are used where f=i-3, g=i-2, h=i-l, j=i+l, k=i+2, and l=i+3. 


c = cos Q i 
s i = sin 0 j 
Cy 3 cos a- 
s ij= sin a 9 
x j^j 

i;=-(i/» + Wy) 

Zj-CjkCy-SjbSyCj 

Xj s S jk S j 

^ s -(v* + wv) 

Zj - c ij c jk ~ s ij s jk c j 

X v = X /Cj - Y^j 

Yy ~ c jk (XjSj + Y , Cj ) - s jk Z t 

Yy ~ s jk {XjSj + Y jCj ) + c jk Z i 

x kj =Y k c j-Y k Sj 

Y,.c^ k s J +Y k c J )-s t Z k 
Y kj 3 s ij (x k Sj + Y k Cj j + Cy Z, 

Xjjk = XyC k - YyS k 

Yjj k — C ld (XijS k + YyC k ) — S kl Zy 

Yjjk - s l-i {XyS k + YyC k ) + c kl Zy 

x ¥ — Xkfi - Y k j s i 

Y/gi = c u (X k j s j + Y k jC i j — s hi Z k j 
Y k p 3 s u ( X kj s i + Y kj c j j + c hi Z kj 


(B.l) 


(B.2) 


(B.3) 


(B.4) 


(B-5) 


(B.6) 


(B-7) 
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X-hijk = X hi j c k - Y hij s k 

Yhijk = C kl ( ^ hij S k + Y hij c k ) “ S k l^hij (® * 

Zfojk = S kl hij S k + Yhij C k ) + C kl^hij 
^ kjih “ X kji c h - Y k pS h 

Ykjih = C gh kji S h + Y kji C h ) “ S ghYkji (B-9) 

Y]gih — S gh {^kfi S h + Yjgfih ) + C ghY k Ji 

Xhijki = X hijk c i - 

= C lm {^hijk S l + ^Myjfc C / ) ~~ S lm%hijk (B . 1 0) 

Y'hijfd = S lm {^hijk S ! + Y hijk C { ) + C lm Z hi j k 

Xikjih = % lkji C h ~ Yi kji s h 

Yikph = c g h {^ikji s h + Yikjfi h ) “ s g hYikji (B- 11) 

Y'lkjih = s gh ikji s h + Y[ kJi c h ) + CghZfkji 


£/.. = S.S.. 
V i tf 


r,-( 


SC + c sc 

ji J‘U 


Wy = CjCg - SjSfij 

U.=s.s.. 

Ji J U 


y,-( 


SC. +C.SC .. 

t J l J IJ / 


W .. = c c. -s s c. 

JI 1 J I J V 

u., =U..C , - V.s = £/. .. 

ijk ij jk ij jk kji 


(B.12) 


(B.13) 


Vyk = c k (UyS^ + Vy C j k ) - s k W tJ = V kJi (B.14) 
W ijk ^s k (U ij s jk + V ij c Jk ) + c k W ij =W^ i 
Uhijk ~ Uhij c jk *“ V h ,s Jk = U kjih 

Yhijk — C k fahij-Sjk + KijCjk ) ” S k^hg = ^kjih 

w m ■ s, (u ul s lt + V t ,c f )+c,W tiJ = w m 

TJ =TJ C -V S -U 

U ghijk ” u ghij^jk y ghij^jk U kjihg 

^ ghijk ~ C k ij ghij S jk ^ ghij C jk ) S k^ghij ~ ^ kjihg 

^ ghijk = S k [P ghij S jk + Vghifijk ) + C k^ghij = W kjihg 

TJ = TJ r -V C -IJ 

U fghijk ~ U fghij C jk Y fghifjk U kjihgf 

^ f ghijk ~ C k {Uf ghij S jk + Vfghij C jk ) S k^ fghij ~ K kjihgf 

^ fghijk = s k ( Ufghij s jk + V fghy c jk ) + c k W fghij ~ W \jihgf 


(B.15) 


(B. 16) 


(B . 1 7) 
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